Abstract: To establish the relationship between Zinc protoporphyrin (ZPP) concentrations and blood lead (PbB) levels and to identify reliable analytical methods of ZPP and Protoporhyrin (PP), blood samples were obtained from 263 office workers without the history of occupational lead exposure and 49 lead-acid battery workers. The mean concentrations of PbB for the normal adults and the battery workers were 9.26 µg/dl and 42.60 µg/dl, respectively. The geometric mean concentrations of ZPP and PP by HPLC were 18.73 µg/dl and 2.27 µg/dl for normal adults and were 46.99 µg/dl and 5.53 µg/dl for the exposed workers, respectively. The geometric mean concentrations of ZPP and PP by a spectrofluorometer (SF) were 30.27 µg/dl and 5.16 µg/dl for normal adults and were 50.91 µg/dl and 6.69 ± 1.39 µg/dl for the exposed workers. The geometric mean ZPP concentration measured by a hematofluorometer (HF) was 30.88 µg/dl for normal adults. The results showed that ZPP concentrations measured by HF were consistently higher than those by HPLC and SF for normal adults, and lower for the exposed workers. ZPP concentrations were not correlated with PbB levels for normal adults but a statistically significant correlation was found among the exposed workers.
Introduction
Absorbed lead in blood inhibits the activity of heme synthetase and thus increases protoporphyrin (PP) in blood. Therefore, increased PP concentration in blood has been used as an indicator of lead intoxication 1) . Zinc protoporphyrin (ZPP) is also formed as a metabolite under lead poisoning because lead interferes with the role of ferrochelatase in binding iron and PP during the last stage of the heme biosynthesis, which leads to binding Zn 2+ to PP 2, 3) . By direct interruption of heme synthesis and intercellular iron transfer, lead also derivates ZPP. Due to these characteristics, the presence of ZPP has been utilized as a marker to chronic lead absorption in several studies [4] [5] [6] . ZPP represents the average effect of lead absorption during 3~4 months 7, 8) . Several investigators reported a positive correlation between concentrations of blood lead and ZPP when workers were exposed to high level of lead [3] [4] [5] [6] [9] [10] [11] . For workers with low lead exposure and for normal adults, however, no relationship has been established 8) . ZPP has been measured with 20~50 µl whole blood by spectrofluorometry 1, [12] [13] [14] [15] [16] . Hematofluorometer (HF), a simple, rapid and widely adopted method of determining ZPP value in the fields and in the laboratories, measures the ratio between the amount of ZPP fluorescence and the amount of light absorbed by oxyhemoglobin 17) . ZPP values by HF, however, were known to be affected by the presence of anemia, the sample storage time and exposure to light or heat. Such fluorescent materials as bilirubin, urobilirubin, acriflavins and riboflavins were also known to affect the results 18, 19) . Increasing the ratio of bilirubin/ZPP within a sample by diluting it with native plasma also elevated the HF results 20) . It was reported that approximately 106% of the added amount of PP was read as ZPP by HF 7) . Previous studies reported that the ZPP values obtained by HF were statistically significantly lower, as much as 20% negative bias, than those by SF for the same specimen [21] [22] [23] .
Hammond et al. 24) reported that the % ZPP/erythrocyte protoporphyrin (EP) in children up to 3 years of age was smaller than that of adults, and the difference would lead to EP values being underestimated when EP was determined by HF in a group of young children.
Four micromethods of evaluating blood ZPP include; the double extraction method with ethyl acetate/acetic acid-HCl, the single extraction methods with either ethanol or acetone, and a direct solubilization with detergent-buffer. Measurement methods of ZPP by spectrofluorometer have been suffered from a low recovery rate. Hart & Piomelli 16) reported that the extraction method with acetone showed only 87% recovery rate. In case of the double extraction method with ethyl acetate/acetic acid and with HCl, free erythrocyte protoporphyrin (FEP) dissociated from ZPP to Zn 2+ was measured. In case of the extraction methods with neutral solutions such as acetone or ethyl alcohol instead of with acid, these methods were also affected by incomplete separation of ZPP and PP 16, 25) . The problem of incomplete separation of ZPP and PP can be overcome by use of high performance liquid chromatograph (HPLC) which is capable of separating porphyrins from whole blood [26] [27] [28] [29] . This study was designed to compare ZPP concentrations measured by HPLC, spectrofluorometer (SF) and HF between normal adults and the lead-acid battery workers. Also investigated were the distribution of ZPP and PPIX concentrations and the relationship between ZPP and blood lead levels among normal adults.
Materials and Methods

Subjects
Blood samples were obtained from 263 normal adults with no known history of occupational lead exposure. These samples were used to compare ZPP concentrations between HF and HPLC. Blood lead was analyzed by flameless Atomic absorption spectrophotometer (AAS), and ZPP, PP, and EP (=ZPP+PP) were measured by HPLC and SF. To compare ZPP concentrations by analytical instrument, blood samples were obtained from 49 lead-acid battery workers and were compared to those of 65 samples chosen from the normal adults.
Methods
Blood lead was analyzed by an AAS (SpectrAA-300, Varian, Australia) equipped with a graphite tube atomizer (GTA-96) and with deuterium background correction. A hollow-cathode lamp (Varian) for lead was used at a working current of 5mA, with 283.3 nm spectral line and 0.5 nm bandwidth.
A volume of 500 µl whole blood was melted by addition of 1.2 ml of 0.5% triton X-100 and 1% (NH 4 ) 2 HPO 4 mixture solution in a polypropylene tube. Added in the melted blood were 1.8 ml of deionized water and 1.5 ml of 20% trichloroacetic acid (TCA) with vortex mixing. The sample was then centrifuged for 20 min at 5000 rpm, and a volume of 10 µl supernatant was injected onto the graphite tube. The calibration curve was drawn using a standard addition method.
The HPLC system (Waters, model M600, U.S.A.) consisted of the following: a Model 510 pump system operating at a 1.0 ml/min flowrate; a mobile phase prepared by mixing methanol, acetic acid, and water (78/8/14, by vol, pH 3.4) in the gradient mode; a Model WISP712 96 vial, which injected 50 µl of processed sample into the system; a column of µ-Bondapak C18 (30 cm × 0.39 cm I.D., 10 µm, Waters, U.S.A.), and a guard column. The fluorescence detector (Waters, model 470, U.S.A.) was set at the excitation wavelength of 405 nm and the emission wavelength of 600 nm.
Two sets of ZPP (Porphyrin products Inc., U.S.A) and PP (Sigma chemical Co., U.S.A) stock solutions were used to prepare working stock solutions by transferring 10 mg of each analyte to a 100 ml volumetric flask. After dissolving the analyte by adding 5 ml of N,N-dimethylformamide, the volume was brought to the mark with the mobile phase solution to give a final concentration of each analyte of 10 mg/dl. The intermediate ZPP and PP standards were prepared by diluting the 10 mg/dl with the mobile phase solution.
The porphyrins were extracted by addition of 1 ml of ethyl acetate-acetic acid (80:20, by vol.) into a polypropylene tube containing 200 µl of whole blood and 100 µl of water, followed immediately by vortex mixing. The sample was then centrifuged for 10 min at 5000 rpm, and a volume of 50 µl porphyrin-containing supernatant was injected into the column.
ZPP in oxygenated blood was determined with a hematofluorometer(Aviv model 206, U.S.A.) by illuminating the surface of the slide glass containing a blood layer with light of wavelength 415 nm and by measuring the emitted fluorescence at 596 nm. 50 µl of blood was placed and spread on the 25 × 25 mm 2 cover glass. The instrument was calibrated with three level control blood of known protoporphyrin values (Aviv, 93A16, 93A17, 93A18, U.S.A.).
Blood ZPP was extracted by adding 5 ml of acetone/water (4:1) mixture followed immediately by vortex mixing. The sample was then centrifuged for 20 min at 3000 rpm and the supernatant was analyzed with a SF (Hitachi, F-4010, Japan) 16) . The instrument was set at the excitation wavelength of 410 nm and the emission wavelength at 550~750 nm.
Statistical analysis
The values of ZPP, PP, and EP are expressed as geometric mean (GM) and geometric standard deviation (GSD). Statistical significance were analyzed by Student's t-test for two group comparison. The correlation coefficients were determined by Correlation Analysis. Table 1 summarized the mean and geometric mean values and variations of parameters by sex and age measured from 263 normal adults. The subjects were mostly males with 74.14% of total subjects.
Results
The mean concentrations of PbB were 9.65 µg/dl for male and 8.15 µg/dl for female, respectively and were statistically significantly different (P<0.001).
The geometric mean values of blood ZPP by HPLC were 17.81 µg/dl for male and 21.33 µg/dl for female, respectively (P<0.001). The geometric mean blood PP values by HPLC for male and female were 2.20 and 2.46 µg/dl, respectively. A statistically significant sexual difference was found (P<0.001).
The ratio of blood ZPP to EP was 87.36%, and it did not show a sexual difference.
The blood ZPP concentrations by HF showed 29.08 µg/ dl for male and 36.97 µg/dl for female, respectively and showed a statistically significant sexual difference (P<0.001). The mean value of blood ZPP by HF was 37% higher than that of by HPLC. A statistically significant difference was found between the values of blood ZPP determined by HPLC and HF (P<0.001). Table 2 shows the correlation coefficients among logtransformed parameters except blood lead levels in normal adults. Blood ZPP values by HPLC and HF showed a statistically significant correlation (r=0.6544, P<0.001). But blood ZPP and blood lead value did not show a statistically significant correlation.
There is a linear correlation between blood ZPP concentrations measured by HPLC and hematofluorometer, respectively, in 263 normal adults (r=0.65, P<0.001) (Fig.  1) . Table 3 illustrates parameters determined by HPLC and SF and blood lead concentration by AAS from samples of 65 normal adults and 49 battery workers.
For normal adults, the ZPP, PP and EP concentrations by 6 .69 and 58.56 µg/dl for the battery workers, respectively. The concentrations of lead exposed workers were significantly higher than that of normal adults (P<0.001). The PbB concentrations were 10.20 µg/dl for normal adults and 42.60 µg/dl for the lead exposed workers, and were significantly different (P<0.001). Figure 2 shows the relationship between the concentrations of blood lead by AAS and the concentrations of blood ZPP by HPLC and SF in normal adults and the lead exposed workers. Among normal adults, no particular relationship was found between concentrations of PbB and ZPP. ZPP values measured by SF were significantly higher than those of by HPLC (P<0.001). For lead exposed workers, however, no statistically significant difference of ZPP values was found between HPLC and SF. Although not significant, blood ZPP values by SF were higher than those by HPLC when blood lead levels were less than 50 µg/dl. The trend, however, was reversed when blood lead levels were more than 50 µg/dl. Table 4 shows ZPP, PP, and EP concentrations and the ratio of ZPP to EP (%ZPP/EP) as a function of PbB concentration levels among lead exposed workers. There was a positive correlation between PbB levels and the blood ZPP and PP values by HPLC and SF. When blood lead levels were more than 50 µg/dl, the concentrations of both blood ZPP and PP increased rapidly. The ratio of ZPP to EP (%ZPP/EP) value by HPLC and SF were not increased. Table 5 shows the correlation coefficients for logtransformed values of ZPP, PP, and EP for the lead exposed workers. Each parameter showed a log normal distribution except the blood lead concentrations that showed a normal distribution. For the exposed workers, a statistically significant correlation was found between the levels of blood ZPP (HPLC), PP (HPLC), ZPP (SF), and PP (SF) and the blood lead concentrations (P<0.001). Among them, the highest correlation coefficient was obtained between the concentrations of PbB and the blood ZPP by HPLC (r=0.8462).
The ratios of ZPP to EP (%ZPP/EP) by HPLC and SF were not increased. A statistically very significant correlation was found between the values of ZPP and PP by HPLC (r=0.7719, P<0.001). However, no significant correlation was found between the values of ZPP and PP by SF (r=0.1230, P>0.05).
Discussion
With blood samples obtained from normal adults and the lead exposed workers, we investigated the relationship between concentrations of blood lead and blood ZPP measured by HPLC, SF and HF.
Blood lead concentrations for normal adults were 9.65 ± 2.18 µg/dl for male and 8.15 ± 2.13 µg/dl for female in this study. The result of this study was comparatively lower than that of previous studies. In previous studies conducted in Korea, blood lead levels ranged from 14.5 to 24.3 µg/dl in whole blood 4, 6, 10, [30] [31] [32] . But, it was higher than the result reported in a recent study. Yang et al. 33) reported that blood lead concentration for normal adults was 6.36 µg/dl for male and 5.09 µg/dl for female. In Japan, Watanabe et al. 34) reported that blood lead concentration was 6.0 µg/dl in Tokyo residents while it was 4.86 µg/dl for male and 3.21 µg/dl for female in rural people. Thus, the PbB concentration in this study was similar to that of Japan.
Because emission from leaded gasoline is known to account for approximately 90% of airborne lead in U.S.A. 35) , it might have been the major contributor of blood lead in normal adults in Korea, too. Since the governmental ban of leaded gasoline supply in 1993, ambient lead concentrations tend to decrease by year [36] [37] [38] . Improved air quality in Korea might have attributed to decreasing blood lead concentrations in normal adults.
In Korea, to screen over-exposed workers to lead, either the value of coproporphyrin in urine or of ZPP in blood can be used under the current occupational safety and health regulation. Blood ZPP can be measured either by HF or by SF. In 1992, total 14,417 cases of blood ZPP measurements were done. Most of these analyses were done by HF due to its fast turnaround time and simple operational characteristics. . In their report, the blood ZPP (natural value) showed a significant relationship between HPLC and HF (correlation coefficient of 0.93).
In this study, the ZPP concentration by HF was approximately 37% higher than that by HPLC. It suggests that false-positive cases be possible if ZPP value measured by HF is used as a screening tool. Since HF is also known to be affected by any fluorescent material in blood such as bilirubin 20, 39) , HF should be used with caution to screen populations who are likely to have elevated plasma bilirubin levels, such as newborns or individuals with liver dysfunction or hemolytic anemia. Another problem of using HF is that it is subject to calibration errors as indicated by Doran & Mitchell 40) and Kaul 18) . Therefore, alternative analytical techniques such as SF or HPLC should be utilized for more precise results.
ZPP measurement by HPLC will not be affected by fluorescent material in blood and can be done quickly with small amount of blood. In addition, bias from coexistence of ZPP and PP due to inadequate separation in HF can be completely overcome with HPLC.
The ZPP values measured by SF were significantly higher than those by HPLC among normal adults, while no difference was observed among the lead exposed workers. Among the lead exposed workers with blood lead of less than 50 µg/dl, the ZPP value by SF was, as was observed in normal adults, higher than that by HPLC. But when blood lead level exceeded 50 µg/dl, the opposite result was observed. Incomplete separation of blood ZPP and PP as the ZPP and blood lead concentrations increase was hypothesized as a cause of the result.
In this study, no correlation was found between blood ZPP and blood lead levels among normal adults. This finding confirmed the earlier reports by Shin & Kim 30) and by Rom 35) which described a significant correlation between logtransformed ZPP or FEP and blood lead values when blood lead levels exceed 25~30 µg/dl for male and 20~25 µg/dl for female.
The ratio of ZPP to EP concentration was 87.36% among normal adult with no sexual difference. The result was very similar to those of the previous studies, which reported approximately 90% in normal adults 26, 41, 42) . Harada & Miura 25) , however, found that the ratio of ZPP to EP was decreased to near 50% when FEP value was above 200 µg/ dl among highly exposed workers. It suggests that, for workers with very high lead exposure, false-negative cases might be produced if ZPP is measured by HF. In addition, a caution is necessary to interpret ZPP concentrations because of individual difference in EP concentrations. Hammond et al. 24) reported that, since children are lacking in zinc available for ZPP synthesis, ZPP concentrations could be underestimated among young children.
